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UJndoubtedly the results of surgery in keratoconus are brilliant as seen in the latest figures (1953) of Townley Paton who reports 84 cases or 89.3% with clear grafts and in the later series of Fine who reported 70 % of clear grafts in 37 cases. The reason why corneal grafts are particularly successful in keratoconus is because the donor graft is entirely surrounded by normal corneal tissue. My summary of these cases would be that contact glasses should be tried in every case but that a corneal graft should certainly be carried out if good toleration with contact glasses is not obtained and if visual improvement is not satisfactory. [March 8, 1956] Implications of the Vascular Anatomy of the Optic Nerve and Chiasma By MICHAEL J. BLUNT, M.B., B.S. Department of Anatomy, St. Bartholomew's Hospital Medical College THE vascular anatomy of the optic nerve has been much investigated and there has been conflict of opinion on several points which are of potential clinical significance. The results of an investigation into the blood supply of the optic nerve and chiasma have recently been reported (Steele and Blunt, 1956) , and it is the purpose of the present paper to present a brief resume of this work and then to review, in rather more detail, some of the issues which have been the subject of past controversy and to discuss some of the implications of the blood supply of the optic nerve and chiasma.
Blood supply of the optic chiasma (Fig. 1 surface, by branches of the posterior communicating artery, by a direct branch of the internal carotid artery, and by the anterior superior hypophyseal branch of the internal carotid artery which also sends a recurrent branch along the under-surface of the intracranial part of the optic nerve. On its superior surface, the chiasma is supplied by branches of the anterior cerebral and anterior communicating arteries. All the feeding vessels ramify in an overlying pial plexus. The venous drainage of the inferior surface of the optic chiasma is provided by venous networks which are connected by transverse branches and which drain into the basal veins. The veins from the superior surface of the chiasma drain into the anterior cerebral veins.
The capillary plexus of the chiasma is of uniform density; it is fed by branches from the overlying pial plexus (Fig. 2) . The most striking feature of the intrinsic vascular anatomy of the chiasma is the free intercommunication which exists between the capillary plexus of the chiasma and that of the hypothalamus. Blood supply of the optic nerve (Fig. 3 ).-The intracranial part of the optic nerve is almost entirely dependent for its arterial blood supply on the recurrent branch of the anterior superior hypophyseal artery: twigs from the ophthalmic artery also feed the pial plexus close to the optic foramen.
The pial plexus over the intra-orbital part of the nerve receives branches from the ophthalmic artery, from long and short posterior ciliary arteries and from the arterial circle of Zinn which links the short posterior ciliary arteries in the duro-scleral junction. The central artery of the retina also contributes branches to the pial plexus before entering the optic nerve: whilst in the nerve substance it gives off branches which feed the intraneural capillary plexus (Fig. 4 ). The venous drainage of the part of the optic nerve behind the entry of the central retinal vein is mainly into neighbouring venous channels, though, in the intra-orbital part of the nerve, some vessels run distally to enter the central retinal vein. In the intraneural part of its course this latter vessel receives numerous tributaries which provide the main venous drainage for the anterior part of the optic nerve (Fig. 6 ).
The intracranial part of the optic nerve has a rich capillary plexus continuous, on the one hand, with that of the optic chiasma, and, on the other, with that of the intra-orbital part of the nerve (Fig. 5) .
The capillary plexus of the intra-orbital part of the nerve is also extremely rich (Fig. 6 ). In the lamina cribrosa, where it becomes even more dense, it is in continuity with the retinal capillaries anteriorly, and, at the margins of the lamina, with the choroidal vessels.
DiscUSSION
The optic chiasma and intracranial part of the optic nerve.-The main problems in regard to the blood supply of the optic chiasma and intracranial part of the optic nerve would seem to be whether the vascular arrangements are dominated by any particular vessel, and whether there is any possibility of the existence of autonomous zones of blood supply which might render the nerve liable to ischxmic damage from a focal arterial lesion.
The gross arterial blood supply. -Magitot (1947) claimed that the blood supply of the intracranial part of the optic nerve is totally independent of that of the intra-orbital part. Dawson (1948), however, was of the opposite opinion for he considered that the main blood supply of the intracranial part of the nerve was from a pre-chiasmal branch of the ophthalmic artery. In no specimen out of 34 nerves examined for this feature (Steele and Blunt, 1956) was such a vessel encountered: small recurrent branches of the ophthalmic artery did, however, supply the pial plexus and the blood supply of the intracranial part was not therefore independent of that of the intra-orbital part of the nerve. Direct branches from the anterior cerebral and anterior communicating arteries to the intracranial part of the nerve (Wolff, 1954) were not encountered; the anterior superior hypophyseal artery constantly provided its main arterial supply. In view of the fact that the same vessel provided branches to the optic chiasma which were more numerous and more far-reaching in their ramifications than the other arteries concerned, it seems possible, on purely anatomical grounds, that it may dominate the arterial blood supply to an extent which could be of practical significance.
The intrinsic vascular anatomy.-Although glial septa were found to be comparatively sparse in the intracranial part of the optic nerve, as was noted by Vail (1948) , the paucity of septa was not mirrored in the density of the capillary bed (Steele and Blunt, 1956) . No evidence was found to suggest that the capillary bed was denser on the nasal than on the temporal side of the nerve, as was suggested by Frangois and Neetens (1956) . This latter discrepancy in result may repay further consideration. Variations in apparent capillary density as shown by sodium nitroprusside-benzidine staining techniques are easily produced by the handling of tissues prior to fixation: blood may thus be squeezed from one part of the capillary bed into adjacent regions. Since Frangois and Neetens do not state whether they found a less dense capillary bed on the temporal side of the nerve on more than one occasion, an artefact might well explain their findings.
It is suggested that there is no evidence from the capillary arrangements which would favour any suggestion that these regions might be more liable than others to the effects of ischamia (Vail, 1948) . There is, moreover, no evidence that the vascular anatomy of the intracranial part of the optic nerve is such that the papillomacular bundle might be more specifically exposed to the effects of ischemia than the remaining fibres, as was suggested by Behr (1935) .
The intra-orbital part of the optic nerve.-Most of the controversy centred on the blood supply of the intra-orbital part of the optic nerve has concerned, directly or indirectly, the central artery of the retina. All investigators except Frangois and Neetens (1954) are agreed that the arteria centralis feeds the pial plexus immediately prior to its entry into the optic nerve ( Fig. 7; 1 ). Anterior and posterior axial branches derived from the extraneural part of the central retinal artery were described by Wolff (1954) (Fig. 7; 3) . A posterior axial artery was described by Beauvieux and Ristitch (1924) ( Fig. 7; 2) . The existence of any such axial branches has been denied by Francois and Neetens (1954) . They did, however, describe an axial vessel which, they stated, arises more proximally from the ophthalmic artery, and which they called the central artery of the optic nerve. Branches of the central retinal artery with intraneural origins and distribution ( Fig. 7; 4) were described by Leber (1903), Abbie (1938) , Wolff (1940) and Bignell (1952) , and their presence has recently been elegantly demonstrated by Wybar (1956) . However, the existence of such intraneural branches has been denied by Beauvieux and Ristitch (1924) , Magitot (1947) and Francois and Neetens (1954 and 1956) . Anastomoses between branches of the central retinal artery, and the circle of Zinn (Fig. 7 ; 5) have been described by Leber (1903) , Wolff (1940) and Wybar (1956) , but their presence has been denied by Beauvieux and Ristitch (1924) , Behr (1935) Pial branches of the arteria centralis retinx were constantly found (Steele and Blunt, 1956 ) and their terminal ramifications were noted to penetrate the nerve substance for a short distance only. In no specimen was there evidence of true anterior or posterior axial vessels or of a central artery of the optic nerve (Fran9ois and Neetens, 1954), though injections were always made proximal to the described point of origin of the latter vessel from the ophthalmic artery. These findings confirm Wybar's observation that it is not possible to follow any axially directed vessel, other than the central retinal vessels, for more than a very short distance in the optic nerve. It is noteworthy, in this connexion, that Francois and Neetens (1954) do not record having injected both the central retinal artery and the central artery of the optic nerve in any individual specimen.
In all of 12 optic nerves examined by various techniques (Steele and Blunt) in which evidence of intraneural branching of the central retinal artery was specifically sought its presence was detected (Fig. 4 ). It is therefore suggested that the purely negative evidence on which such intraneural branches have been denied is based on failure to inject the central retinal artery adequately.
The presence or absence of anastomoses between retinal and ciliary systems of vessels is clearly a question of some practical importance. The extremely rich capillary bed of the optic nerve (Fig. 6) is fed, on the one hand, by vessels derived from the posterior ciliary arteries and the circle of Zinn and, on the other, by branches of the central artery of the retina. In the lamina cribrosa the capillary plexus of the optic nerve comes into continuity with that of the retina; at the margins of the lamina there is capillary continuity with the choroidal vessels, as was described by Leber. There is thus ample evidence of capillary anastomoses, but, in preparations stained by the sodium nitroprusside-benzidine technique (Steele and Blunt), no evidence of anastomotic vessels of more than precapillary calibre was found; in serial sections stained with hematoxylin and Biebrich scarlet, no anastomotic vessels with muscle tissue in their walls were encountered.
The dense capillary network which has been demonstrated at the lamina cribrosa (Fig. 6) contrasts with the observations of Franqois, Neetens and Collette (1955) who injected the vessels with thorotrast and used a micro-arteriographic technique to examine the capillary bed. They reported that, as the papilla is approached, "the capillaries disappear". It is suggested that this finding was due to incomplete filling of the capillary bed since, in specimens stained by the sodium nitroprusside-benzidine technique (Steele and Blunt), its great density was constantly apparent. The tissue of the optic nerve is relatively indistensible at the lamina cribrosa and this may explain the difficulty of examining its capillary bed by injection techniques; it may also explain why Leber's observation of a rich capillary anastomosis with the choroidal vessels has remained unconfirmed in later investigations in which injection methods only have been employed. It may be noted (Fig. 6) that the retinal capillaries, as they run out from the lamina cribrosa, are heaped up in the papilla. It seems quite possible that a relatively low increase in intra-ocular pressure, occurring in cases of low-tension glaucoma, might compress the capillaries in the papilla and so impair the nutrition of the fibres at the nerve head. Moreover the blood supply of these fibres might well be further reduced by compression of the choroidal vessels against the scleral spur at the margins of the lamina cribrosa.
The rather rectangular pattern of capillaries in the intra-orbital part of the optic nerve behind the lamina is, in its main features, very constantly displayed by sodium nitroprussidebenzidine staining, but its appearance varies in details according to the amount of blood remaining in the vessels. Not infrequently the capillary pattern appears irregular and somewhat fragmented, giving an appearance which Cristini (1951) regarded as characteristic of glaucomatous atrophy of the nerve. The material on which the present observations are made was, however, from subjects in whom there was no known ocular disease.
From a general consideration of the vascular anatomy of the intra-orbital part of the optic nerve it seems possible to conclude that there is no evidence of any vascular autonomy. Axial and peripheral systems of vessels anastomose freely with one another, both in and behind the lamina cribrosa, by means of a rich capillary plexus. There is no evidence to suggest that the lamina cribrosa (Behr) , or any other region, is dependent solely for its blood supply on a particular branch of the ophthalmic artery. It seems probable that the peripapillary part of the retina is supplied with blood, not only through the arteria centralis retine, but also through the retino-choroidal capillary anastomoses at the nerve head. Cilioretinal arteries.-Cilioretinal arteries are described as vessels which pass from the arterial circle of Zinn to supply localized areas of the retina: they curl around the margins of the optic disc and are noted most often on its temporal side. They are considered to be a common feature of ophthalmoscopic examination, from which their incidence has been given as 16-7% of 48 eycs by Lang and Barrett (1889), 14-2% of 120 eyes by Veasey and 8 7 % of 439 eyes by Yoshida (Adachi, 1928) , and "at least 25 %" by Mann (1937) .
In contrast to the above findings, in none of 72 optic nerves examined by various methods (Steele and Blunt) was there any evidence of a true cilioretinal artery. Such a negative observation is certainly to be interpreted with caution but it is, none the less, unexpected. Even more surprising is the fact that a perusal of the very extensive literature on cilioretinal arteries has yielded reports of only 11 cilioretinal arteries directly observed. In 2 of these, noted respectively by Nettleship (1877) and Randall (1887) , the arteries were found in nerves from patients with papilleedema and they therefore may have been compensatory collateral channels. In neither of the cases reported by Muller (1858) and Beauvieux and Ristitch were the origins of the apparently aberrant vessels observed. In Birnbacher's (1887) case the cilioretinal artery sprang from a vessel in the choroid. Another cilioretinal artery of this type was reported by Fuchs (1923), who found five cilioretinal arteries in all. However, the latter author himself states that "only exceptionally was it possible to follow the whole course" of the aberrant vessels, owing to the fact that complete serial sections were not available. A cilioretinal artery has recently been demonstrated by Wybar (1956) , to whom I am grateful for the opportunity to examine unpublished photographs of the vessel. Its origin from a posterior ciliary artery was clearly defined and it might be said that this is the only firm evidence of a true cilioretinal artery, directly observed, which has been reported in the literature.
Although no cilioretinal artery was encountered during a study of 72 optic nerves (Steele and Blunt), bifurcation of the central retinal artery proximal to the papilla has been seen. In this instance (Fig. 8 ) the central retinal artery divided 04 mm. behind the papilla: the branch which left the parent vessel passed to the margin of the lamina cribrosa and then into the retina. Dissections of the arteria centralis and longitudinal frozen sections stained by the sodium nitroprusside-benzidine technique are not suitable material from which to determine the precise point of division of the central retinal artery, for the vessel is frequently displaced during dissection or sectioning. Premature division of the central retinal artery into its retinal branches was found in one out of five optic nerves which were available for critical study in this respect, a finding which is of interest in view of the apparent rarity of true cilioretinal arteries. On ophthalmoscopic examination it is not possible to see the origin of arteries considered to be cilioretinal and, even though such vessels may appear to curve around the margins of the optic disc, it is possible that they are usually examples of pre-papillary branching of the arteria centralis retinT.
From another point of view, it has sometimes been assumed that the sparing of vision in part of the retina which may occur after embolism of the central retinal artery is due to the presence of cilioretinal vessels. Coats (1914) , however, was of the opinion that this is not necessarily the case, and that the partial sparing of vision may be explained on the basis of the anastomosis between retinal and choroidal capillaries at the nerve head which was reported by Leber and of which confirmatory evidence has now been obtained (Steele and Blunt).
It is by no means claimed, on the basis of the available evidence, that cilioretinal arteries do not occur as normal variants in man, but it is suggested that they are not so common as appears to be the case from the results of ophthalmological examination.
Figs. 1, 2, 3 and 6 are reproduced by kind permission of the Journal ofAnatomny.
